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SUMMARY 50 LY

Published information on the properties and
characteristics of high strength aluminum alloys was reviewed
‘with particular emphasis on their qualifications for use in
welded cryogenic structures. The data for existing commercial
alloys show that none provides the combination of high strength,
notch toughness and weldability that is desired for projected
booster designs. None of the readily weldable alloys develop
the desired high strength, while those that are capable of
meeting the strength requirements do not Possess adequate
weldability.

The available information concerning effects of
composition, fabricating and heat treatment factors on the
propertles of the different types of alloys was examined to
ascertain the most promising avenues for further development.
The Al-Zn-Mg type alloys currently under development combine
good weldabllity with fairly high strength and cryogenic
temperature notch toughness, but further development is
required to fulfill the requirements that have been estab-
lished for the experimental program. The Al-Cu type alloys
are also considered to offer possibilities of improvement
toward the program objectives. The Al-Mg type alloys are
somewhat less promising but merit some additional work. The
possibility of increasing the strength of the Al-Mg,Si alloys

to the desired range is considered so remote that no development



ef'fort on them is recommended. No new alloy systems that
would produce likely candidates for this program were revealed
by the survey.

Recommendations are presented for the compositions
and other factors to be investigated in the experimental
program, and some views are recorded concerning methods of
data analysis to ascertain the progress toward program objec-

tives. | Avrege



INTRODUCTION

Because of their high strength to weight ratios,
good retention of ductility and toughness at cryogenic tempera-
tures, weldability and good corrosion resistance, aluminum
alloys have been used exXtensively for fabrication of liquid
fuel and oxidizer tanks and structural members of space
vehicles. Non-heat treatable alloys of the Al-Mg-Mn 5000
series with yleld strengths at about the 40,000 psi level
have been used. Higher strengths are provided by alloy
2014-T6, with a yield strength of about 60,000 psi, and
2219-181 at 50 - 55,000 psi in vehicles of latep design.

In projecting the material requirements for the
larger vehicles planned, a need for an sluminum alloy with
higher strength and capable of producing higher strength
welded joints 1s apparent. The objective of this research
program 1s to develop a commerclally producible plate alloy
approaching as closely as possible the following goals: --

A tensile strength of 75,000 psi, a yield strength of

65,000 psi and an elongation of 15 per cent at room tempera-

ture and values no lower than these at -423°F (-253°C) are
desired. The alloy should be as weldable as 5456 or 2219

alloys and develop joint efficiencies of 80% or more at room
temperature. It should be relatively insensitive to notches,
having a notched (K¢=10) to unnotched tensile ratio of 1.0 or
greater at room temperature and 0.9 or greater at -423°F (-253°C),

The welded alloy must remain ductile at all temperatures and



have a notch tensile ratio (Kt=10) in the as-welded condition
of 0.85 or greater at -423°® (-253°C). It should have high
resistance to corrosion and stress corrosion cracking.

In order to ascertain the merits and limitations of

'alloys presently available, those currently under development

but still considered experimental and alloys employed in
various exploratory and Survey research programs, the metal-
lurgical publications and trade literature of the past twenty
years pertaining to high strength alloys were reviewed. In
addition, numerous reports based on both U.S. government
contract and Industry-sponsored materisl evaluation programs
were reviewed and the findings analyzed for possible leads or
approaches that might be employed in the experimental program.
This survey did not uncover any entirely new alloy
systems capable of developing the high strengths required, and
the most promising prospects for achieving the program objec-
tives involve further development and refinement of exlisting
alloy types. Thus the alloys of the groups having the
Aluminum Association designations of the 2000, 5000, 6000
and 7000 series are considered individually and the possi-
bilities are assessed of improving the desired characteristics

of these alloy groups in the direction of the project goals.

6000 Series Alloys

The 6000 series alloys are of the heat treatable
type, depending principally upon the controlled precipitation
of the intermetallic phase magnesium silicide, MgsSi, for



strengthening. This phase exhibits a maximum solid solubility
in aluminum at the eutectic temperature, 1103°F (595°C), of
1.85% (~1.17% Mg plus 0.68% Si). The sharp decrease in
solubility with decreasing temperature i1s the basis for the
preclpitation hardening of the 6000 group alldys, and those
that have the most desirable combinations of strength and
resistance to corrosion contain Mg and Si in the MgoSi propor-
tions. Alloy 6061, for example, with nominally 1.0% Mg and
0.6% Si will form approximately 1.6% Mg.Si. Since the solu-
bility of Mg in aluminum is rather high and this element is an
effective solid solution strengthening addition, one might
presume that alloys of increased strength and lower density
could be developed by increasing the Mg content of the Mg-Si
type alloys. Actually, however, exceeding the Mg-S1 ratio
results in a sharp decrease in solubility of the intermetsllic
phase so that alloys containing an excess of Mg over the
favorable ratio develop inferior strengths. On the other
hand, it is well known thaﬁ a small excess of Si over that
needed to form Mg-Si increases the precipitation hardening
effect and thereby increases strength. It is also well known
that additions of Cu to the magnesium silicide alloys increase
strength. The amount of Cu generally employed in commercigl
alloys has been limited because resistance to corrosion
decreases appreciably as this element exceeds about O0.4%. In
the commercial alloys, Cr is added as a supplementary strength-
ener as well as for grain size control and beneficisl effects

on resistance to corrosicn.



Among alloys of this group 6061-T6 (Table I), which
has various foreign equivalents, has been used most widely for
structural applications. Although the strength of this alloy
-falls considerably short of the objectives of this project,
the alloy is notable for its relative insensitivity to stress
concentrations, high tear resistance, good weldability and
very high resistance to stress corrosion cracking(6l—3). This
alloy with its well-known characteristics forms an appropriate
bagse for comparison of related compositions that have been

developed to provide higher strength.

Effects of Composition Factors on Mechanical Properties

A fairly comprehensive early survey of the hardening
capabllities of Al-Mg-Si alloys based chiefly upon hardness
measurements is that of Brenner and Kostron(jg"l). Their
results disclosed the beneficial effects of excess 3i over the
Mg231 proportions and the loss in hardness associated with
excess Mg. Furthermore, the improvement obtained by adding Cu
up to 1% to these alloys was shown. The more recent work of
Harris and‘Varley(Bu_l) presented tensile properties of sheet
over a wide range of compositions which were in general agree-
ment with the early hardness data. Figure 1, based on their
data, illustrates the constant strength contours in the basic
Al-Mg-31 system. For reference, the location of 6061 in this
diagram is indicated. The tensile properties of 6061-T6 are

higher than would be indicated by the curves because of its Cu



and Cr contents. The changes in composition from 6061 required
to attain higher strength are clearly indicated by this diagram,
and it is apparent that two other alloys of this group, 6066,
~which was introduced several years ago and 6071, which is a
quite recent addition to the list of commercial alloys, were
designed to take advantage of these composition effects in
producing higher strength.

6061-T6 Characteristics

The typical tensile and yield strengths of 6061-T6
at room temperature (T.S.-45 ksi, Y.S.-40 ksi) fall far short
of the project goals. Cryogenic temperature tests of this

alloy in various forms have been conducted by a number of
laboratories( 356, 57-5, 60-25, 61-9, 61-22, 61-27, 62-8, 62-11,

62-16, 62-17) and there is good agreement that the strengths of

unnotched specimens increase substantially with decreasing
temperature down to -423°F. Even at this temperature, however,
the average values from the various tests (T.3.-79 ksi, Y.S.-

55 ksi) show that the strength of this alloy 1s too low to be

of interest in the present project. The ductility of 6061-T6

at room temperature (typical 17%) is in the desired range.

Data from all laboratories are consistent in showing an increase
in elongation with decreasing temperature down to -320°F and all
but one show a further improvement down to -423°F. In no case
was the -423°p elongation value lower than thsat at room tempers-
ture, The average valile at -423°F is considered to be about

27%.



The aluminum-magnesium silicide alloys generally are

indicated to be relativel& insensitive to notches at both room
and cryogenic temperatures(58°7’ 60-25, 61-9, 61-22, 61-27,

62-8, 62—16). Relatively few notch tests have been made at

-423°F, but the data available for 6061-T6 indicate notch
tensile ratios of about 0.93 (K+=6.3) to 0.81 or 0.75 (K=30)
for tests of sheet specimens. With respect to notch sensitivity,
unwelded 6061-T6 can be said to fulfill prdject requirements.

This alloy is readily weldable; however, because the
heat of welding causes overaging or solution of the precipitates,
depending upon the temperatures attained in different zones, the
precipitate structure deterioriates and Joint efficiencies as-
welded are only on the order of 70%(55-2’ %-1, 56-k, 57-8, 60-1,
60-7, 60-9, 60-23, 61-3, 61-9, 61-27, 61-37, 61-38, 62-3) 1o
proved joint efficlency can, of course, be obtained by post-weld
heat treatment! 2> 2» 56-4, 60-9, 61—27). Other approaches to
increasing weld strengths have been evaluated Including the use
of high Mg alloy fillers(6o—14), addition of hardeners and trace
elements (Cu, Mn, Na, Be) to Al-31 filler alloys(59-3’ 59-5) and
application of chilling during welding(62_l); Data on properties
of welded 6061-T6 at -423°F are scanty but show for as-welded
(4043 filler) material tensile strengths of 60-65 ksi, yleld
strengths of 32-34 ksi and elongations of 6-11%(60-6’ 62-8) The
average notch tensile ratio was 0.64,
6071 Alloy

It 1s apparent that although 6061-T6 exhibits many




desirable characteristics, the inherent shortcoming is inadequate
strength of either the parent metal or welded assemblies. Of the
two newer and highcr strength alloys of this group, 6071 is more
distinctly of the aluminum-magnesium silicide type, is more
closely related to 6061 and retains many of its desirable
features. The typical tensile strength (57 ksi) is some 27%
higher than that of 6061-T6 and the yield strength (52 ksi)

about 30% higher. These increases in strength, achieved by
increasing the magnesium Silicide content, providing an excess

of silicon and employing a higher solution heat treating tempera-
ture than that used for 6061, are obtained at an appreciable
sacrifice in ductilify, the typical elongation value for sheet
dropping to about 10%. Despite its increased strength, the

alloy falls considerably short of both the strength and ductility
goals. This is significant with respect to the further prospects
of alloys of the magnesium silicide type since even in this
composition the amount of this hardener present is in excess of
the high temperature solid solubility limit -- further additions
would provide little or no additional strengthening.

The welding characteristics of 607l‘alloy employing
either TIG or MIG processes are similar to those of 6061 with
elther 4043 or 5556 filler(62-20). The strengths of as-welded
panels were not appreciably higher than those of welded 6061
panels. Reheat treatment and aging after welding improved the
strengths, but provided no substantial advantage over 6061
similarly reheat treated. The results obtained with this alloy
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suggest that achievement of the strength goals through the

aluminum-magnesium silicide approach would be improbable.

6066 Alloy

This alloy represents an extension of the approaches
indicated previously for augmenting the strength of the magnesium
silicide type alloy through a high magnesium silicide content and
excess Si as well as higher Cu content than is employed in 6061.
It was designed to provide tensile properties intermediate to
those of 6061 and 2014 alloys. The room temperature tensile
properties listed in Table I, applying to thin extrusions and
sheet are very similar to those of 6071-T6. They likewise fall
short of the objectives of this project by a considerable margin.
For purposes of record, it may be noted that 6066 sheet has been
successfully welded by the TIG process using 6066, 195 and 716
alloys as filler metal with Joint efficiencies as-welded of
65-70% and 72-80% after post-weld aging(56_4). In other tests,
6066-T6 was found to be subject to weld cracking to the extent
that a welded H-plate developed cracks when either 4OL43 or 5556
f1ller was used(6l_2o). Information on the notch Sensitivity
or tensile properties of this alloy at low temperatures was
not disclosed by the literature survey. There seems to be little

to recommend 1t as a candidate in the Present project.

Other Alloys

The published literature contains reference to a

number of compositions of foreign Origin(references cited

pP@V10u51Y). For the most part, these are very similar to 6061,
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and foreign equivalents of the higher strength U.S. alloys
apparently have not been established.

Summary -- 6000 Series Alloys

The alloys of this group possess desirable character-
1stics of weldability and relative lnsensitivity to stress
concentrations and cryogenic temperatures. Their modest
strengths, which become even lower on welding, make the group
unpromising. Furthe.mcre, the possibility of increasing the
strengths to the desired range is considered so remote that no

further development effort on them in the project is recommended.

5000 Series Alloys

The 5000 series alloys have magnesium as their major
alloying addition. The sclid solubility of this element at the
eutectic temperature, 844°F (451°C), is quite high, approximately
15%, but drops sharply with decreasing temperature to about 4% at
392°F (200°C) and is quite low at room temperature. In the case
of other solute elements g decreasing solubility with decreasing
temperature relationship of this type may be quite beneficial,
providing a basis for substantial strengthening through precipi-
tation. However, the effects of precipitation in Al-Mg alloys
on strength are imperceptible below 9 or 104 Mg. For this
reason, the 5000 series alloys are generally classed as non-heat
treatable, and magnesium is employed primarily as a solid solu—.
tion strengthener. When the magnesium content retained in solid
solution exceeds about 3.5%, a tendency for precipitation of the

excess in the form of the Al-Mg intermetallic phase exists at
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atmospheric and slightly elevated temperatures. This precipi-
tation, which normally occurs preferentially at grain boundaries
and increases with the degree of supersaturation of the solid
~solution, tends to place a limitation on the Mg content of alloys
for commercial application, since its presence may promote sus-
ceptibility to stress corrosion cracking(58_2’ 62_22). It might
be considered unfortunate that no means are known for increasing
the low temperature solid solubility of Mg or of completely
stabilizing the high Mg solid solutions at room or slightly
higher temperatures. As a matter of fact, the presence of other
solutes along with Mg generally tends to promote more rapid and
extensive precipitation. 1In recent years, however, fabricating
methods involving closely controlled temperatures and working
practices have made it possible to produce more stable and

stress corrosion resistant structures in the highest Mg content
alloy now available commercially. It is considered possible that
these special procedures may be applicable to alloys based on
this system but more highly alloyed to achieve higher strength
levels.

The commercial alloys generally contain manganese and
chromium as supplementary strengtheners. These elements also
serve to control grain size. The only other major alloying
element occurring in the higher strength listed compositions of
this group is zinc, which is employed in one experimental alloy.

As a group, these alloys are outstanding in several

respects in relation to the project requirements. The weldability
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of the alloys having the highest magnesium contents is excellent.
The resistance to corrosion and stress corrosion cracking of the
comuercial alloys in approved tempers is very high. Ductility
‘as measured by elongation values at temperatures down to -423°p
remains at least equal to that observed at room temperature(6o_6’
61-10, 61—54). The notch tensile strengths generally increase
with decreasing temperature although the rate of increase in

this value is less than that of the unnotched tensile strength

s0 that at -423°F notch ratio values of 0.6-0.7 are observed with
the highest strength alloy and temper. In this respect, some
improvement is required to meet the project goal. The most
significant shortcoming in relation to the goals, however,

occurs with respect to the tensile and yield strengths. Based

on room temperature values (Table I and Figure 2), an increase

of at least 20 ksi in both is required.

Effects of Composition Factors on Mechanical Properties

In considering the prospects for increasing strengths
of 5000 type alloys beyond present capabilities of commercial
alloys, it is pertinent to examine available dats showing the
effects of variation in Mg and Mn contents. The annealed (-0)
temper tensile properties of laboratory produced 0.5" thick
plate of three alloy series containing 0.1, 0.5 and 0.9% Mn are
plotted in relation to Mg content for a range from 2 to 7% Mg

in Figure 3(072),

Corresponding data for the stable, hot rolled
~-H%21 temper are shown in Figure 4. The strengths of welded

Joints with parent metal fillers would generally be expected
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to fall somewhere between values for these two tempers if the
parent metal were initially in the -H321 temper. The properties
of the same group of alloys cold rolled to the -H1k4 temper are
.shown'in Figure 5. Because of the well-known age softening
characteristic of the Al-Mg alloys, it has been cuétomary to
apply a thermal treatment after the strain hardening operation
to stabillize the mechanical properties. This results in some
lowering of strength, and the properties of the resulting -H34
temper for these alloys are shown in Figure 6. It may be
observed that the tensile and yield strengths in all tempers
increase progressively with increasing Mg content over the
range shown, the chaﬁge being nearly linear for -0, -H321 and
-H14 tempers. The data for the -H34 temper, however, show g
diminishing rate of increase with increasing Mg. The effects
of Mn on strength are additive to those of Mg and are relatively
linear over the 0-0.9% range. Chromium also increases the
strengths in a manner similar to Mn. The content of these
elements (Cr and Mn) that may be Incorporated in the alloys is
limited, however, by the necessity for avoiding segregation
effects and the formation of coarse particles of a primary
intermetallic phase,

If the linear increase in strength in the -H1A temper
continued beyond 7% Mg and this temper could be produced in
alloys with higher Mg content, 8.5% Mg and 0.9% Mn would be
required to attain the desired room temperature tensile strength.
A considerable further increase in Mg would be needed to attain
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the 65 ksi yield strength. The data for stable tempers, however,
indicate very little probability that these strength levels could
be achleved by increasing Mg content.

Cryogenic Temperature Mechanical Properties

Cryogenic temperature tensile and notched tensile
data for several alloys of this series have been reported by
several groups(60'6’ 61-10, 61-34). Representative data are
shown in Table II. In order to determine the trends in the
notch behavior with increasing Mg contents, -423°F tensile and
notched tensile strengths and notch tensile ratios were plotted
in Filgure 7 in relation to reported Mg contents of the alloys
or nominal contents when analyses were not reported. It must be
pointed out that all the tests are not strictly comparable since
different types of specimens were used by various investigators,
the notch stress concentration factors varied from 6.3 to 17,
and data included different tempers although all were of -H3
type. Scatter bands drawn to encompass the data points indicate
that over the range from about 2.5 to 5.25% Mg the -423°F tensile
strength increases to about 4% Mg then decreases somewhat with
increasing percentages of this element. The -423°F notched
tensile strength tends to remain nearly constant up to 4% Mg
but decreases rather sharply beyond.this level. The notch
tensile ratlos appear to decrease progressively with Increasing
Mg over the range covered by these tests. These results, though
influenced by other variables, indicate strongly that the -423°F

notch sensitivity of these alloys increases rather sharply as the
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Mg content exceeds about 4%, and if this trend continues,
higher Mg alloys would be of 1little interest.

British and European wrought alloys containing
~nominally 7% Mg with an allowable upper limit of 8% have been
used for many years in annealed and as-fabricated tempers. No
cryogenic data for these materials were uncovered in the litera-
ture survey to permit comparison with the results obtalned on
the American alloys, although British data have been published

for 4 and 5% Mg alloys(58_7’ 5-11, 61-16, 62-10). Recent

Russian literature(48—l’ 59-2, 62-22, 62-37) evidences consider-

able current interesp in compositions of high Mg content for
wrought products as well as castings. (Solution heat treated
castings containing about 10% Mg have been used in the U.S. and
abroad for many years.) Awareness of the stress corrosion
hazard with high Mg wrought alloys under certain conditions is
apparent in the Russian publications and special thermal prac-
tices as well as additions of Zn, Zr and Be are claimed to
improve resistance(62-22’ 62—37). Some precipitation hardening
occurs in 10% Mg alloys and is accentuated by small (0.5-1.0%)
additions of zn(37-1, 51-4, 55-3, 59-2, 62-37) 7% Mg alloy
was included in a recent U.S. Army contract program to develop
improved armor plate(61_20). This alloy did not rate higher
than 5083 in ballistic tests. Additional information on the
characteristics of this material was not avallable.

Modifications in compositidn other than by increasing
Mg content to achieve higher strength should be considered.
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Increases in Cr or Mn are effective but are subject to limita-
tions mentioned previously and are more detrimental to elonga-

tion than amounts of Mg which provide an equal increment of

" strength. This is apparent in Figures 4-6, This approach has

little to recommend 1t. Addition of Zn offers the possibility

of supplementing the strength through precipitation and improving
strengths of welds and the heat-affected zone by re-aging at room
temperature. Copper additions might have similar effects,
although it is anticipated that the tendency for weld cracking
would be greatly increased with even small additions of this
element.

It might appear that increased cold work would be
another approach to developing higher strengths. Unfortunately,
this approach poses a number of practical problems stemming
primarily from the extremely high rolling mill pressures required.
The additional cold work would also accentuate age softening and
tend to accelerate precipitation, increasing susceptibility to
stress corrosion cracking(58-2). Moreover, the strengths of the
welds would show much less improvement than those of the parent

plate.

Welding and Characteristics of Weldments

The technology of welding with the Al-Mg alloys has
advanced to a high level of development. Because of the
excellent welding characteristics of the higher Mg alloys of
the group, they may be welded by a variety of methods and are

less sensitive to process variables than many other aluminum-base
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alloys. There is an abundance of literature providing sources
of information on welding'techniques and effects of composition
and process variables.

There is extensive documentation from many sources of
the high joint efficiencies, good cryogenic temperature proper-
ties and relatively low notch sensitivity of welded Jjoints
attained 1in the commercial alloys of higher Mg content(6o_6’
61-34, 62-30, 63-16) = g0 weld property data listed in Table IT
are representative of the type of data available.

Weld cracking tendency is highly dependent upon Mg
content, the maximum.sensitivity to this defect reportedly
occurring at about 4% Mg in binary alloys of high purity(5l—3’
54-3) and at a lower level, 2%‘Mg, wvhen Fe and Si are present
in normal impurity concentrations(5o-4’ 61_2).' The cracking
tendency decreases with increasing Mg beyond 4% so that at 6%
the alloys are virtually crack-free. Titanium is customarily
added to the fillers and 1s considered essentlal to provide
greatest freedom from cracking(5o_4’ 61-7).

Relatively little experimental work has been reported
with alloys having Mg contents over 6%, but an early reference
indicates that joint efficiencles generally decrease as the
element increases(qO_g). This is assumed to havé resulted from
dendritic segregation and intergranular deposition of the rela-
tively brittle Al-Mg intermetallic phase in the weld deposit and
possibly precipitatidn in the heat affected zone, both of which

would reduce the ductility and toughness of the joints. Possibly
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more modern welding methods would minimize this tendency. It
has also been reported that weld unsoundness becomes more
prevalent at higher Mg leveldoD ™ 61-4). To counteract this
effect, chlorine additions to the shielding gas might have
value(5577)
Considerable work has been done to improve Al-Mg
filler alloys to increase the strength of TIG welds in 5083

plate weldments(6l_20). Strength was increased by raising Mg
content or adding Zn. The Zn-free Al-Mg-Mn TIG weldments were
not susceptible to stress corrosion or galvanic attack, but
those containing Zn were highly susceptible, the degree of
susceptibility increasing with Zn content. Furthermore, multi-
pass MIG welds employing Zn-containing fillers developed grain
boundary networks of brittle constituents with resulting

embrittlement of the welds.

summary -- 5000 Series Alloys

Although the prospects for meeting the strength and
cryogenic notch toughness requirements with alloys of higher
Mg content than those presently established as commercial in
this country do not appear particularly encoﬁraging, it is
considered that a section of the experimental program of modest
proportions should include an exploratory evaluation of their
characteristics., 1In particular, the use of an addition of Zn
to the plate alloy as well as the filler to provide age
hardening of the weld and heat-affected zones 1s suggested.
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2000 Series Alloys

The Al1-Cu system is the baéis for some of the oldest
and most important structural alloys in use today. This is a
precipitation hardening system with a maximum solubility of
5.65% Cu at the eutectic temperature and less than 0.2% Cu at
room temperature. The majority of the commercial alloys contain
less than 5% Cu, although one alloy, 2219, vhich is outstanding
among those that are avallable oommercially because of its
combination of weldability, strength and insensitivity to stress

concentrations at cryogenic temperatures, contains 6.3% Cu.

2017, 2014, and 2024 .Alloys

Among the oldest of the commercial high strength
aluminum alloys are the so-called "Duralumins" containing
4-4.5% Cu and 0.5-1.5% Mg. In these alloys, additions of Mg
have been made to increase the response to age hardening(59-4).
The strongest and most important structural alloys of the
Al-Cu-Mg type include 2017, 2014, and 2024 (Table III). Alloy
2017 does not respond we}l to artificial aging and therefore is
employed in the naturally aged -T4 temper. Alloy 2014 is
employed only in the artificially aged -T6 temper, while 2024
1s employed in the -T3 and -T4 tempers, the artificially aged
-T6 temper, or the cold worked and artificially aged -T81 or
-786 tempers, which are limited to light gauge plate and sheet.
Typical properties for these alloys are shown in Table III. The
yileld strength of 2017-T4 is 40,000 psi at room temperature.
This compares with a yileld strength of 50,000 psi for 2024 -13
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and strengths of 57,000 - 60,000 psi for 2024-T6 and 2014-76,
The -T8 tempers of 2024 provide higher strengths that approach
the desired goals but have low tepsile elongations.

The tensile properties of 2014-T6 and seversl tempers
of 2024 are shown in Table IV for temperatures as low as -423°F,
The data are those of Christian and watson(62"8), and are for
samples with and without s sharp notch. The results of these
and other tests(61-40, 62-17, 63-10) show that 2014-T6 and
2024~T3 have good notch-tensile ratlos at temperatures as low
as -423°F (0.8 or greater for Ki=6.3). The tensile strength
and yield Strength of 2014-T6 are substantially higher than
those of 2024-73 gnd approach the goals set for the present
research project. The tensile elongation of 2014-T6 at room
temperature is about 10%, however, substantially below the
value of 15% established as g research objective. There are
few data on the notch-toughness of the -T8 tempers of 2024(49-1);
however, avallable results indicate that these tempers have lower
elongations at room and cryogenic temperatures than 2024-73 op
2014-T6, and probably greater notch sensitivity.

Numerous studies of the weldability of 2014 and 2024
have been carried out. Results show that satisfactory welds
and good weld strengths can be obtained with the proper selec-
tion of welding conditions and filler alloy(®2731), mpe highest
strengths and greatest efficiencies are obtained when rehesat
treatment of the weld is possible; however, considerable success

has been obtained in increasing the strengths of as-welded
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structures through careful joint design, weld area reinforce-
ment, and rapid chilling(®372),

In general, alloy 2024 has not been used much in
welded structures because of greéter difficulty in welding and
lower weld properties than are obtained with 2014-T6. The
preferred filler wire for use with 2024 is UOL3, although 4543
and 2024 have also been employed.

Alloy 2014 is employed currently in welded missile .
applications. Both weldablility and weld strengths are superior
to those of 2024; however, the welding characteristics of 2014
are not as good as those of the 5000 series alloys and 6061.

The recommended filler alloy for 2014 is 2319, although LO43
and 2014 are also used(62—31). Weld ductility is low and repair
welding of both 2014-T6 and 2024-T3 is very difficult.

Some weld properties for 2014-T6 are shown in Table IV
at room and cryogenic temperatures. Results show an increase in
the strength of the joint with decreasing temperatures. There
1s also a decrease in tensile elongation and some increase in

(62-8)

notch sensitivity with decreasing temperatures.

2219 Alloy
The Al-Cu alloy, 2219, has welding characteristics

that are greatly superior to those of the Al-Cu-Mg alloys.
Alloy 2219 contains 6.3% Cu plus small amounts of Zr, V, Ti,
and Mn. The excellent welding characteristics of this 2000
series alloy are due to the high Cu content, the elimination

of Mg from the compositlon, and the grain refining effects of
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the elements Zr, V, and Ti. The weldability of 2219 using
2319, a parent type filler, is similar to that of 5000 series
alloys(62-31).

The tensile properties-and notch tensile strengths
of 2219 in the -T6 and -T8 type tempers are shown in Table TV
at room and cryogenic temperatures. Weld Properties are glso
shown. In comparison with 2014-T6, 2219 in the -T81 and -787
tempers has slightly lower strengths but greater notch toughness
at temperatures to —423°F(62_8). Weld joint efficiencies for
2219 are similar to those of 2014-T6. Welded Joints, employing

2319 filler, have low notch sensitivity(63_9).

Other 2000 Series Alloys

Other 2000 series alloys appear to have less satis-
factory properties for aerospace and cryogenic purposes than
alloys 2014 and 2219. The A1-Cu-I1-Cd alloy, 2020, has higher
strengths(®0722) tpan 014, 2024, or 2019 (Table TII), but is
considerably more notch sensitive and has extremely poor weld-
abi11ty(399), Tne dquetility of 2020-T6 1s also low-by compari-
son with 2014-T6 and 2219-T81. Alloys 2618, 2018, and 2218 are
forging alloys containing 2.3-4.0% Cu, 0.6-1.5% Mg, and 1.0-2.0%
Ni. The addition of Ni is primarily for strength at elevated
temperatures and contributes little to room temperature proper-
ties. As shown in Table III none of the alloys has strengths
as good as those of 2014-T6., Cryogenic tests(61-36) have shown
that 2618-T6 has good notch properties down to -423°F, It is
more difficult to weld than 2014 or 2219 and has lower étrengths.
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Alloy 2025 is another forging alloy, containing 4.5% Cu and
0.8% Si. Similar alloys have been employed in Germany(28—l).
British experiences(55—8) indicate such alloys are weldable;
however, strengths are well below\those of 2714 and 2219 (Table
III).
Attempts have been made to increase the aging
response of Al-Cu alloys with additions of Sn, Cd, and In. An
alloy of this type (27S - Table III) was introduced by Alcoa as
early as 1932; however, the most comprehensive published work
of this nature is that of Hardy(52—3’ 55‘5). His results showed
that substantial gains in strength can be obtained with as little
as 0.05% of these elements in alloys containing %.5% Cu. Unfor-
tunatély, the strengths obtained by such combinations fall short
of those of 2014-T6 or the -T8 tempers of 2219. Additions of
Cd or Sn cannot be used to enhance the properties of alloys such
as 2014, since Mg renders these additions ineffective. There is
the possibility that such additions could be used to increase
the strength of alloy 2219, which does not contain Mg. Such
claims have been made in Japan for an alloy containing 6% Cu,
0.3% Mn, and 0.9% Cd. Tensile properties of this alloy after
artificial aging were reported to be tensile strength -
75,000 psi, yield strength - 62,000 psi, and elongation - 9%.
The resistance to corrosion and stress corrosion
cracking gf 2000 series alloys is dependent upon the product
and the thermal treatment. The maximum resistance to corrosion

attack in aluminum-copper-magnesium alloys is attained with the
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naturally aged condition (-T4 temper) if the rate of quenching
from solution treating temperature is rapid. Slower quenching
rates obtained with thick sections (plate or forgings) quenched
in cold water can lead to lower stress corrosion resistance.
Artificial aging improves the resistance to corrosion of slowly
quenched 2014 and 2024 products, if the aging is extended some-
what beyond that required for maximum strength. The stress
corrosion resistance of 2024-76, -T81, -T86, and 2219-T781, -T87
is excellent compared with 2014-T6. Alloy 2020 also has very

good resistance to stress corrosion.

Ssummary -- 2000 Series Alloys

In summary, 201} and 2219 have the most attractive
properties among commercial alloys of the 2000 group for appli-
cations in the aerospace field. FPFuture research should explore
the possibilities of improving the strengths of these alloys
and the weldabllity of 2014 through modifications of the base
composition and through additions of modulating elements such
as Cd. It is recommended that the experimental program include
exploration of the characteristics of alloys based on these
indicated approaches. As a matter of comment, it may be noted
that in the development of the more recently established alloys
of this group, considerable emphasis was placed on their

elevated temperature properties and very little, if any, atten-

tion was given to weldability or cryogenic temperature properties.

It is anticipated that with improvement in these latter properties

as primary objectives, research may disclose beneficial effects
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from some compositional or thermal treatment variations that

were previously discarded as of no value at elevated temperatures.

7000 Series Alloys

Heat treatable alloys of the 7000 series contain Zn
and Mg as the principal hardening elements, and may or may not
contain Cu. Since the characteristics of Al-Zn-Mg alloys with
and without Cu are somewhat different, they will be treated

separately here.

Al-Zn-Mg Alloys
Al-Zn-Mg alloys containing more than about 3% Zn and

0.5% Mg are capable of precipitation hardening. Strengths
increase with increasing solute content as shown in Figure 8,
which has been adapted from the work of Cook, Chadwick, and
Muir(51_l). Optimum alloy compositions appear to be those
located in the region of the phase diagram identified with the
P(AlaMgsZne) and M(MgZna) phases(5i™1s 59-10)

As shown in Figure 8, alloys with high Zn and Mg
contents develop strengths of the desired order. Avéilable
information indicates that higher strengths are possible for
many of these alloys, using more severe artificial aging
practices. The alloys employed by Cook, Chadwick, and Muir
were of commercial purity and contained small amounts of Mn
and Cr. Herenguel(47_3) has reported that Mn and Cr decrease
the tendency for intergranular fracture in high-strength, high-

purity alloys containing more than 9% of Zn plus Mg.



One of the problems associated with the Al-Zn-Mg
alloys has been their susceptibility to intergranular corrosion
and stress-corrosion cracking. As shown by Hansen, Muhlenbruch,
and Seeman(uo_l), this 1s a function of composition, alloys
containing less than 6% of Zn plus Mg being relatively free
from stress-corrosion cracking and those with more than 6%
showlng considerable susceptibility. Other investigators haVe
also reported that the high strength Al—Zn¥Mg alloys have poor
resistance to stress corrosion(’3~1» -1, 51-3),

Because of stress corrosion, the commercial develop-
ment of the ternary Al-Zn-Mg alloys has been very slow. Some
use of heat treatable alloys of this type was made by the
Germans in World War II because of the shortage of Cu; however,
stress-corrosion cracking of these "Constructal" alloys limited
thelr use severely. The composition and tensile properties of
such an alloy, AlZnMg 3, are shown in Table V.

Also shown in Table V are the composition and
properties of another Constructal type alloy known as Unidal,
Unidur, or AlZnMg 1. This alloy is used in Europe for a
variety of structural applications and has been described by
Brenner(61-5) and others(58-1, 60-1%) in some detail. The low
Zn plus Mg content of Unidal and the addition of Cr provide
good resistance to stress corrosion(63—8); however, strengths
of AlZnMg 1 are well below the desired levels. Similar alloys
in the U.S.A. include X7003 and X7005. The results of tests on



X7005 (Table VII) show that this alloy has excellent notch
strengths at cryogenic temperatures.

Other alloys(02-18, 63-13)

of the Al-Zn-Mg type are
X7006, X7038, and 7039. The comﬁositions and. properties of
these alloys are shown in Table VI. There appear to be few
data on the properties of X7038. Except for Cu content, how-
ever, it closely resembles the high strength aircraft alloy
7079 in composition and should therefore have strengths approach-
ing the desired goals. Alloys X7006 and 7039 are of lower
strength than X7038 and have properties similar to those of
2219. Thé strengths of the Al-Zn-Mg alloys increase at cryo-
genic temperatures, as shown by the data in Table VII. The
notch toughness of X7006 and 7039 at room and cryogenic tempefa-
tures 1s good, although notch-tensile ratios of the strongest
tempers appear to decrease more rapidly at cryogenic tempera-
tures than do those of 2219 alloy.
Based on European experiences(uo-l’ 52-4, 63—7),
alloys X7006, X7038, and 7039 would be expected to show some
susceptibility to stress corrosion cracking. This is confirmed
by tests on X7006, which indicate some susceptibility in the
short transverse direction. No published data are availlable on
the stress corrosion characteristics of 7039 or X7038; however,
1t would be anticipated that 7039 would show moderste suscepti-
billty to stress-corrosion cracking and X7038 an even higher

susceptibility.



The weldability of the new Al-Zn-Mg alloys is being
evaluated(63'3’ 63-5) and investigations of other experimental
Al-Zn-Mg alloys are in progress(§3—15). Results indicate that
these alloys have good weldability, although not as geod as that
of 5456 or 2219. 1In general, weldabiiity is improved with in-
creasing Mg contents up to about 3%(59_7) and is not much
affected by small additions of Cr or Mn(6l—32). Al-Mg and
Al-Mg-Zn filler alloys are recommended for’MEG and TIG welding.

The Al-Zn-Mg alloys show weld efficiencies equal to
or better than is obtained with 2000 series alloys, and better
weld ductility. Since the Al-Zn-Mg alloys are relatively
insensitive to the rate of quenching, welds in these alloys
generally do not require post-weld heat treatment to develop
good strengths. Natural aging of X7006 for several weeks will
produce a stronger joint than can be obtained with nonheat -
treatable alloys(63-13). Artificlal aging usually provides even
higher strengths and joint efficiencies.

Al-Zn-Mg-Cu Alloys

The development of the commercial Al-Zn-Mg-Cu alloys
has been described by Dix(5o_3), with special attention to the
problem of stress-corrosion cracking. Other 1nvestigators(5l"l’
59-2) have also reported on various aspects of this development.
Results of these investigations show that the addition of Cu to
the Al-Zn-Mg alloys increases strength, improves resistance to



stress corrosion slightly and reduces electrode potentials.
Since the Al-Zn-Mg alloys are ancdic to other structural
alloys, the reduction in electrode potential tends to improve
the compatibility of different alloy types and to minimize the
possibility of galvanic corrosion.

The commercial Al-Zn-Mg-Cu alloys are listed in |
Table VI. Alloy 7075 is the best known member of this family
and has been employed principally in militery alrcraft as
sheet, plate, and structural members. Alloys 7178 and 7079
are also aircraft alloys. Alloy 70Ol is a high strength
extrusioﬁ alloy, and 7076 a forging alloy. Applications for
the latter alloys have been quite limited. Two Al-Zn-Mg-Cu
alloys of lower alloy content and lower strength are 7277 and
X7002. Alloy 7277 1s a rivet alloy but has been produced
experimentally as sheet and plate. Alloy X7002 is a recently
introduced composition for various structural applications
including service in the cryogenic field.

With the exception of 7277 rivets, Al-Zn-Mg-Cu alloy
products are employed in the heat treated and artificially aged
tempers. Typical room temperature propertiee for the alloys
are shown in Table VI. Because of the high strengths obtainable
wlth alloys such as 7075, 7079, and 7178, the possibilities of
using these in cryogenic service has been investigated(6o—6’
61-40, 62-2) Results of tensile tests and notched tensile
tests are shown in Table VIII. It would appear that these

alloys are too notch sensitive for many cryogenic applications.
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The notch strengths of X7002 are also shown in Table VIIT.
Although this alloy has lower strengths than 7075, 7079, and
7178-T6 in the unnotched condition, notch strengths and notch-
tensile ratios are significantly higher. In general, the
notch toughness of X7002 would appear to be about the same as
that of an Al-Zn-Mg alloy having the same level of strengths.

The weldability of the Al-7n-Mg-Cu alloys is
relatively poor in comparison with alloys éuch as 5456 and
2219, and inferior to the Cu-free Al-Zn-Mg alloys. Satisfac-
tory welds can be made in alloys such as 7178 and 7075, how-
ever, with careful control of welding conditions and using
LOk3 or 5000 series alloy filler(62'9). Similar results are
obtainable with alloy x7002(6375), mme yweld properties of
some of these alloys are shown in Table VIII.

Mention has already been made of the resistance to
stress corrosion of the Al-Zn-Mg-Cu alloys. The successful
exploitation of these alloys in sensitive aircraft applications
can be attributed to improvements in resistance to stress corro-
sion achleved by composition control and the use of Cr to
influence precipitation(SO_B). As a result,'these alloys have
good resistance to stress corrosion in all but the short trans-

verse directions of heavy sections.

Summary -- 7000 Series Alloys

In summary, the high strength Al-Zn-Mg-Cu alloys such
as 7075 fall short of the desired properties because of poor
notch toughness and poor weldability. Lower strength Al-Zn-Mg-Cu



alloys such as X7002 show much better notch toughness but
still lack the desired veldability. The Cu-free Al-Zn-Mg
alloys such as X7006 and 70%9 have good weldability and good
notch toughness at room and cryogenic temperatures. At the
Present stage of development, however, these alloys do not
meet the strength requirements of the research project. There
is considerable hope for further improvement in strength and
notch strength through alloy development. As shown by the
data of Cook, Chadwick, and Muir, higher strengths can be
obtalned in more highly alloyed compositions. Research should
be carried out to determine the ratios of Zn to Mg that will
provide optlimum notch characteristics and other properties for
a given level of strengths. The effect of secondary elements
(Cr, Mn, etc.) on cryogenic properties is yet to be established
and may also result in important improvements. In view of these
possibilities, it is recommended that an experimental program

for the improvement of the Al-Zn-Mg alloys be initiated.

DISCUSSION

It 1s obvious from this review of the literature on
the high strength aluminum alloys that none of the presently
established compositions are really close to the goals of this
project. Specific alloys are deficient in various ways; for
example, some that have adequate strength and are relatively
insensitive to notches at low temperatures are not satisfactorily
weldable, while none of those that are readily weldable develop
the desired strength.



Experimental approaches have been outlined(63_l7) for
the initial program to develop better properties and character-
istics through changes in composition of present commercial
alloys of 2000 and 5000 types. This program will also include
a fairly broad survey of promising Al-Zn-Mg (7000) type alloys.
The initial efforts will be largely empirical since the broad
metallurgical principles that underlie such properties as cryo-
genic notch toughness and strength are as &et inadequately
defined. It 1s anticipated that as additional information
becomes avallable concerning effects of composition changes
and heat treating variables on combinations of toughness and
strength, and these data are correlated with structural examina-
tilons, a more definitive picture will emerge.

The methods selected for analyzing data will be
important to determine whether progress 1s being made and to
develop a better understanding of the relative influence of the
metallurgical and structural factors involved. In this connec-
tion it is highly pertinent to refer to two recent papers pre-
pared by Alcoa Research Laboratories(65-l’ 63_12). In both
cases, a simple graphical method, which has been used by other
investigators for comparative analysis in the last few years,

was gpplied to high strength aluminum alloys.

Room Temperature Notch Sensitivity

The first paper(63'l2)

reviewed room temperature
notch properties and tear test data for commercial alloys in

various tempers. The method of evaluation involved plotting



notch sensitivity indices as functions of the yield strength
determined on smooth specimens. The notch-tensile and notch-
yield ratios obtained in room temperature tests of 2000 and
7000 series alloys employing sharp edge notched sheet specimens
are shown in this manner in Figure 9. These data indicated
strongly that at room temperature the 7000 type alloys exhibited
a lower degree of notch sensitivity than 2000 series alloys at
comparable yield strengths. The notch-tenéile ratios of the
2000 series alloys tended to scatter (between 0.85 and 0.98)
over the yleld strength range from about 40,000 to 72,000 psi
and then decreased sharply. On the other hand, the notch-yleld
ratlos of the same alloys decreased progressively and almost
linearly over the 40,000 to 72,000 psi yield strength range.
Tests of these same materials and additional alloys and tempers
were made employing the eccentrically notched tear specimen
i1llustrated in Figure 10 with results for tear strength-yield
ratio shown in the same Figure. These data indicated an approx-
imately linear relationship between this ratio and yield strength
for the alloys of both types, the rate of change for the two
alloy types being comparable, but the 7000 gfoup again evidenc-
ing some advantage in the combination of ratio and yield strength.
3ince the data for the 2000 series alloys included
tempers obtained by (1) natural aging only (-T4), (2) strain
hardening prior to natural aging (-T3 type), (%) artificial aging
only (-T6) and (4) strain hardening plus artificial aging (-1T8

type), the data were examined for evidence that & particular
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sequence of these operations or a greater or lesser amount of
straln hardening would be advantageous. Neither the results

for edge notched or tear specimens provided evidence that a
particular temper provided a superior combination of ratio and
yileld strength. This indicates that an increase or decrease in
yield strength obtained for a given alloy by altering the ther-
mal treatment is accompanled by a loss or gain in ratio corres-
ponding to a shift along the appropriate line in either Figure 9
or 10. From the standpoint of progress in alloy development, it
is considered that changes in composition, fabrication or ther-
mal treatment that do nothing more than shift the combination
of notch ratio and yield strength in either direction along one
of these lines represent merely "treading water" and no actual
accomplishment. What is needed obviously is superilor combina-
tions of strength and toughness. The room temperature data
show that in this respect the 7000 group are somewhat superior
to the 2000 group.

Cryogenic Temperature Notch Sensitivity

It is apparent from previous discussion that the
comparative notch sensitivity ratings of these alloys at
cryogenic temperatures may be different from those based on
room temperature testing. From a casual examination of data,
the influence of temperature on notch ratios of 7000 series
alloys appears to be somewhat greater than is observed for
2000, 5000 or 6000 series alloys. This may be restated by
saying that the temperature coefficient of the notch ratios for

the 7000 alloys exceed those for the other series. Thus, the



advantage of the 7000 group alloys over those of the 2000 group
which was shown in the room temperature tests tends to disappear
at -423°F because of the greater temperature coefficient.

The analysis of notch toughness versus yield strength
has been extended to cryogenic temperatures in the most recent
paper(63-l) from which Figures 11, 12 and 13 are reproduced.
The data from -320°F tests of seversl commerclal alloys as well
as most of the newer experimental 7000 typé alloys plot within
a falrly narrow band when the notch-yield ratio is employed
(Figure 11). The band for notch-tensile ratios 1s somewhat
broader (Figure 12). Although fewer data are available for
comparison at -423°F, a similar trend for decrease in notch-
yield ratio with increasing yield strength is shown at this
temperature (Figure 13).

In the same manner as indicated for analysis of
room temperature data, progress in achieving superior combina-
tions of strength and toughness at cryogenic temperatures can
be measured by the displacement upwards and to the right that
can be achieved in these diagrams. Manipulations of composi-
tion or temper that merely shift the combination of these pro-
perties back or forth parallel to and within the band will not
represent significant progress. On the other hand, if composi-
tions can be found that combine strengths in the range obtained
wlth alloys 7079-T6, 7075-T6 or T178-T6 with weldability and
notch ratios at or above those indicated by the upper limit of
the band, these will represent a distinct advance.
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Data from an experimental alloy, designated Al-Zn-Mg
in Figures 11-13 is indicative of a superior combination of
strength and toughness at cryogenic temperatures. The varia-
tion 1n composition believed to be responsible for this
significant improvement is being applied to other alloys
capable of developing higher strengths that will be 1ncluded'
in the experimental program.

The notch-yleld ratios show morevregular changes
with yield strength and offer more consistent relative ratings
among &lloys than do the notch-tensile ratios, both at room
temperature and cryogenic temperatures, and therefore, are
consldered a potentially more useful criterion of actual
achievement for alloy development purposes. Although notch-
tenslle ratios should be plotted and analyzed, it is recommended
that careful analysis of notch-yield ratios versus yield strengths
be made to determine whether the experimental program is moving
toward program objectives.

In the discussion of reference 60-6, Brown, Freymeyer
and Rawe presented an analysis of notch tensile data which
combines features of the foregoing methods with the temperature
effects. The notch tensile ratios were plotted versus yield
strengths for each alloy and for all testing temperatures (Fig-
ure 14). Empirically the curves connecting the points obtained
at the different testing temperatures for the various alloys

appeared to flt an equation of the form:
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vhere: N = notched strength
U = unnotched tensile strength
Y = yleld strength

Yo and n are constants for each alloy

These authors!' analysis of the data from reference
60-6 resulted in assignment of a value of n = 1.0 for alloys
2219-T62, 5456-H321 and 6061-T6, while n = 2.0 appeared to fit
the data for 2014-T6, 7075-T6, 7079-T6 and T178-T6. The value
of n might be regarded as a temperature coefficient of the
combination of notch tensile ratio and yield strength. Applica-
tion of this method of analysis may have merit in evaluating
the changes in properties with temperature as influenced by
composition, fabricating and processing factors. Our preliminary
examination of data by this method indicates values of n may vary
over a conslderable range for the different alloys (0.4 to 2.8).
The lower values apply to the 2000 type alloys and indicate a
lesser effect of temperature than the higher values which apply
to alloys of the 7000 group.

It would be highly desirable to have available &
reliable method for correlating the properties determined at
various temperatures in order to more effectively employ -320°F
tests for primary evaluations and minimize the number of -423°R
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tests required. Since the data from various sources indicate
that results obtained at -320°F do not necessarily indicate
those that may be expected at the lower temperature, the
-320°F tests serve merely to screen out materials which would
have no prospect of meeting the -423°F requirements. The
effects of testing temperature Seem to vary with composition
and should be analyzed more thoroughly to develop methods of
predicting the extent of change from =320 to -423°P,

Since alloys that are now used as well as those
which will be investigated in the experimental program vary
in density by several per cent, it appears desirable to compute
and tabulate data on a strength/dehsity basis in addition to
the usual tabulation of strength values uncorrected for density

differences.

Alloy Structures -- Deformation Characteristics --
Fracture Mechanisms

As previously stated the metallurgical principles
required to provide a well-based fundamental approach to this
problem are incompletely developed. Some effort has been made
to investigate systematically the effects of ‘temper and result-
ing structure on the room temperature notch toughness(63"12).
In the case of alloys 201% and 6061, it was shown that when
equal yield strengths could be produced by underaging (less
aging than required for the -T6 temper) and overaging (aging
extended beyond the -T6 temper), the notch toughness was
Superior in the underaged condition (Figure 15). The data
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for 7000 series alloys are less conclusive -- for example in
Figures 11 and 12, X7006-W does not have an outstanding combina-
tion of toughness and strength. These relationships should be
analyzed in greater detail and some systematic work undertaken
to develop additional guide lines which can be applied in the
program. |

Some thought has been given, and should be extended,
to the correlations between the fine structures of these
materials and ﬁheir capacity for plastic deformation and
ability to redistribute localized stresses and forestall frac-
ture. The precipltate structures of the 2000 and 7000 series
alloys differ considerably. In the -T4 and -T3 type tempers,
2000 series alloys are hardened predominantly, if not entirely,
by Guinier-Preston zone structure. Dislocation movement with
this structure is considered to be impeded by the lattice
strains associated with the zones, but is less complex than in
the artificlally aged tempers, -T6 or -T8 types. In the latter,
the presence of transition S! (Al—Cu—Mg) precipltate platelets
necessitates dislocation climb around these particles of second
phase. It seems logical to expect that fracture would occur
with less effective prior plastic deformation in the two-phase
structure.

The 7000 series alloys in -T6 type tempers are
hardened by extremely small 20-253 spherical zones. It is
thought that deformation occurs by shear of the zones which
change shape as a result of the passage of dislocations. Although
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thie precipitate structures of the 2000 alloys in -T8 type
tempers are quite different from those of 7000 alloys in -T6

I "pe tempers and dislocation movement is thought to proceed by
different mechanisms, the data avallable to correlate strength
and toughness do not indicate distinctly different behavior.
There is some indication that differences of the type one might
expect prevall at room temperature. The differences apparently
are largely lost at cryogenic temperatures; The answers may
lie partially in the differences in activation energy for glide
and climb of dislocations, although considerably more complex
interactions are probably involved.

The factors of grain size and shape as well as degree
of recrystallization also deserve attention. Some preliminary
studies have indicated that the effect of these variables on
cryogenic notch toughness may be greater than would be antici-
pated from room temperature measurements.

Some of the recent observations concerning purely
mechanical tensile fractures indicate that cracks are initisted
by the formation of minute voids at constituent particles,
dispersoids and precipitates as the metal suétains plastic
deformation. The voids Join by the separation of the metal
between them to form an embryonic crack. The high stress con-
centration at the newly-formed crack tip accelerates the forma-
tion of additional voids at other particles for a distance of
several microns ahead of the crack. The crack in turn extends

to these voids and propagates by additional accelerated void
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formation and combination. These observations present a
strong argument for a single phase structure to achieve
increased resistance to fracture by elimination of void-nucle-
ating particles. There is a significant amount of supporting
experimental evidence that ductility of aluminum alloys may be
Improved without corresppnding reductions in strength by
reducing the volume fraction of the relatively non-ductile
intermetallic phase particles. The effects are, of course,
dependent upon the specific nature of the particle and upon
size and distribution as well. Galns in elongation through
reduction in the amounts of impurity elements such as iron and
silicon have been adequately documented for certain alloys. The
application of such approaches for improvement of toughness
deserves attention but must be attacked judiciously since there
are distinct hazards associated with elimination of the sparsely
soluble constituents. As purity increases the tendency for
recrystallization and grain growth during fabrication and heat
treatment is greatly accentuated and the resulting coarse grain
structures may completely offset or even outweigh the gain
which would otherwise be expected. Although a portion of the
experimental program might be directed toward determining the
possibilities for alloy improvement associated with general
reduction in impurities and insoluble constituents, it is
recommended that most of the investigative work be carried out
with the high grade of commercial ingot that has previously

been employed in alloys for cryogenic service.
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TABLE VIII

HIGH STRENGTH Al-Zn-Mg-Cu ALLOYS AND WELDMENTS

EFFECTS OF CRYOGENIC TEMPERATURES ON THE PROPERTIES OF
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Strength - 1000 psi

% Elong. in 2"

TENSILE PROPERTIES OF 0.5" THICK
ALUMINUM - MAGNESIUM -MANGANESE PLATE IN -O TEMPER
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0.9 “% Mn
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50 <® 0.1 % Mn—
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40 -
30
0.9% Mn
<"t—0.5% Mn
—9 0.1 % Mn
20 ,
YIELD STRENGTH
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Z ALL ALLOYS CONTAIN O.! % Cr
40
ELONGATION
N\‘P\F Py
® 0.1 % Mn
~«t—— 0.5 % Mn
—r ﬂ 0.9% Mn
20 f I
2.0 3.0 4.0 50 7.0 8.0

Per Cent Magnesium

FIGURE 3



Strength — 1000 psi

in 2 "

% Elong.

-56—

TENSILE PROPERTIES OF 0.5" THICK
Al-Mg-Mn PLATE IN -H32| TEMPER
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